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ABSTRACT. The i n f r a r e d  sp e c t r a  of  N2Ar, 02~Ar,  N2-N2 and 0 2- 0 2 seem t o  
in d i ca te  t h a t  these  Van der Waals m o le cu le s  p o s s e s s  o r i e n t a t i o n a l l y  
loc a l iz ed  ( l i b r a t i o n a l )  s t a t e s ,  as  w e l l  as ( n e a r l y )  f r e e  i n t e r n a l  r o t o r  
s t a t e s .  Using the  f u l l  a n i s o t r o p i c  p o t e n t i a l ,  we have  c a l c u l a t e d  t h e  
r o v i b r a t i o n a l  bound s t a t e s  of  N2-N2 and N2- A r ,  and a l s o  th e  r o t a t i o n a l  
p r e d i s s o c i a t i o n  s t a t e s  of  the l a t t e r  complex,  and we have e v a l u a t e d  t h e  
c o n t r ib u t i o n s  of  th e se  s t a t e s  to t h e  i n f r a r e d  s p e c t r a .  Thus the  i n f r a r e d  
spectrum of N2-Ar ,  and in p r i n c i p l e  a l s o  t h e  s p e c t r a  o f  t h e  o t h e r  d i m e r s ,  
can be unders tood .  The onse t  o f  th e  r e g u l a r  f r e e  i n t e r n a l  r o t o r  s t r u c ­
ture  cannot be expla ined  from the bound s t a t e s ;  i t  i s  due t o  r a t h e r  
narrow (0.2 to 3 cm~^) r o t a t i o n a l  r e s o n a n c e s  l y i n g  i n  the  c o l l i s i o n  
continuum. The s t r u c t u r e  in the lower  f r e q u e n c y  p a r t  o f  t h e  s p e c t r a  i s  
caused by t r a n s i t i o n s  between l o c a l i z e d  l i b r a t i o n a l  s t a t e s ;  e s p e c i a l l y  
t h i s  p a r t  w i l l  be s e n s i t i v e  to the  d e t a i l e d  i n t e r m o l e c u l a r  p o t e n t i a l .
In order to e x p l o i t  t h i s  s e n s i t i v i t y  one has to  measure  t h e  i n f r a r e d  
spec t ra  a t  very low tempera ture.
1. INTRODUCTION
The m o b i l i ty  of  the  c o n s t i t u e n t s  i n  d i f f e r e n t  Van de r  Waals mo le­
cules v a r i e s  c o n s id e ra b ly .  C ons id e r ing ,  f o r  i n s t a n c e ,  the  s e r i e s  of  
mo lecule- ra re  gas atom dimers,  we o b s e r v e ,  a s  one e x t r em e ,  t h e  n e a r l y  
f ree  i n t e r n a l  r o t a t i o n s  of H2 in th e  H2~X d i m e r s .  A t h e o r e t i c a l  d e s c r i p ­
t ion  of such dimers i s  b e s t  given by u s i n g  a b a s i s  o f  f r e e  r o t o r  f u n c ­
t i o n s ,  both f o r  expanding the p o t e n t i a l  and f o r  t h e  r o v i b r a t i o n a l  wave 
func t ions [ 1 ] .  At the  o th e r  end of  the  s e r i e s  a r e  t h e  d imers  in  which  
the ( r i g i d )  molecule i s  s t r o n g ly  a s p h e r i c a l ,  v e r y  lo ng  or  f l a t ,  w i t h  
one or  two of i t s  dimensions l a r g e r  th a n  t h e  Van d e r  Waals d i s t a n c e  
between the  molecule and the r a r e  gas atom. I n t e r n a l  r o t a t i o n s  a r e  
completely prevented  in  t h a t  ca se ;  a t  s p e c i f i c  a n g l e s  (and d i s t a n c e s )  
the p o t e n t i a l  becomes even i n f i n i t e l y  r e p u l s i v e .  When the  m o l e c u l a r  
s ize  i s  comparable wi th the Van d e r  Waals d i s t a n c e ,  as  in  b e n z e n e - a r g o n  
or t e t r a z i n e - a r g o n  [ 2 ] ,  dynamical c a l c u l a t i o n s  u s i n g  a f r e e  r o t o r  b a s i s  
are s t i l l  p o s s i b l e ,  wi t h  some s p e c i a l  p r e c a u t i o n s ,  b u t  th ey  converge
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v e ry  s low ly .  In cases  l i k e  an thracene-argon  or f lu or en e-arg on  [3] ,  t h i s  
d e s c r i p t i o n  breaks  down comple te ly  and one has to use d i f f e r e n t  in te rn a l  
c o o r d i n a t e s  and d i f f e r e n t  b a s i s  fu n c t i o n s .  A more n a t u r a l  d e s c r ip t i o n  
of  th e  i n t e r n a l  motion i s  t h a t  of  the atom moving along the  molecular  
p la ne  and v i b r a t i n g  a g a i n s t  i t  [A]. The ampli tude of  the motion along 
the p lane  can be s u b s t a n t i a l .  For in s ta nce ,  in benzene-argon and 
t e t r a z i n e - a r g o n  the  roo t -mean -square  amplitude of  the  Van der Waals 
( s t r e t c h )  v i b r a t i o n  p e r p e n d i c u l a r  to the plane i s  0.13 A, whereas the 
ampl i tu de  p a r a l l e l  to the p lane  i s  about 0.40 A, in the  ground s t a t e .  
With two quanta  of  v i b r a t i o n a l  e x c i t a t i o n  the l a t t e r  ampli tude goes up 
to 1.0 A. The p r o b a b i l i t y  t h a t  the atom tunne ls  to the  o th e r  s ide  of 
the  molecule i s  s t i l l  n e g l i g i b l e ,  however [ 2].
An i n t e r e s t i n g  i n t e r m e d i a t e  case are the Van der Waals complexes 
c o n t a i n i n g  N2 o r  O2 mo lecules .  According to the f i r s t  i n t e r p r e t a t i o n s  
of t h e i r  i n f r a r e d  s p e c t r a  [ 5 - 8 ] ,  such complexes seem to e x h i b i t  both 
r o t a t i o n a l  v i b r a t i o n s  ( l i b r a t i o n s )  and near ly  f r e e  i n t e r n a l  r o t a t i o n s ,  
depending on the  degree of  e x c i t a t i o n  or the tempera ture .  The homoge­
neous dimers N2-N2 and O2-O2 a r e  very important because t h e i r  dynamical 
be hav iou r  and s p e c t r a  a re  de te rmined  by the  same in te rm ol ecu la r  
p o t e n t i a l s  t h a t  cause the p r o p e r t i e s  of bulk N2 and bulk O2 ■ The 
i n f r a r e d  s p e c t r a  of N2“Ar and 02~Ar are s t r i k i n g l y  s i m i l a r  to those of 
the  homogeneous d imers ,  bu t  t h e s e  systems a re  s impler  (with j u s t  one 
i n s t e a d  of  t h r e e  i n t e r n a l  an g le s )  and th erefore  more a c c e s s i b l e  to 
d e t a i l e d  s t u d i e s .  The e a r l y  i n t e r p r e t a t i o n s  of the i n f r a r e d  spec t ra  of  
th e s e  dimers  [5-8] ,  even of  th e  diatom-diatom complexes,  a re  based on 
a one -d im ens io na l  model f o r  the  hindered i n t e r n a l  r o t a t i o n .  The coupling 
w i t h  the  Van der  Waals s t r e t c h  was d is regarded ,  al though the e x c i t a t i o n  
e n e r g i e s  cor respondin g  wi th  th e  h igh er  frequency p a r t s  of the  i n f r a r e d  
s p e c t r a  a r e  l a r g e r  than  the  Van der  Waals d i s s o c i a t i o n  energy.
O2 complexes a r e  e s p e c i a l l y  i n t e r e s t i n g  because of  the e l e c t r o n i c  
t r i p l e t  sp in  momentum in the  ground s t a t e  O2 molecule .  Mainly v ia  
s p i n - o r b i t  and s p i n - s p i n  i n t e r a c t i o n s  th i s  t r i p l e t  sp i n  momentum 
couple s  wi th  the  r o t a t i o n a l  s t a t e s  of O2 . The magnetic spectrum of f r e e  
O2 cor re sp on ds  (n ea r ly )  wi th  Hund's coupl ing case b [9] .  The d r a s t i c  
changes of  t h i s  spectrum in  02~Ar a re  completely understood [ 10- 12]; 
they form a d i r e c t  measure of  the  r o t a t i o n a l  ( im)mobi l i ty  of 0 2 * In the 
O2-O2 dimer  v a r io u s  magnetic  coupl ing  terms are impor tant :  the i n t e r ­
m ol ecul a r  exchange coupl i ng  u s u a l l y  represented by the  Heisenberg 
e f f e c t i v e  sp i n  h a m i l t o n i a n ,  t h e  in t ramolecular  s p i n - o r b i t  and sp in - sp in  
c ou p l i n g s  in  each O2 monomer and the  inte rmolecular  s p i n - s p i n  (magnetic 
d i p o l e - d i p o l e )  coupl ing .  Al l  th e se  couplings p lay a r o l e  in  the  
magne t ic  p r o p e r t i e s  of  s o l i d  O2 [13 ,14] .  A d e t a i l e d  study of t h e i r  
e f f e c t  on the  magnet ic spect rum of O2-O2 w i l l  soon be publ i shed  [15].
In t h e  p r e s e n t  paper  we s h a l l  concen t ra te  ourse lves  on the  i n t e r n a l  
mot ions of  N2 i n  the  N2-N2 and ^ - A r  dimers and t h e i r  e f f e c t s  on the 
i n f r a r e d  s p e c t r a  of  these  d imers .
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2. INTERMOLECULAR POTENTIAL, ROVIBRATIONAL STATES AND INFRARED
SPECTRUM OF N2-N2
Besides a number of  empir ica l  model p o t e n t i a l s ,  two d e t a i l e d  
an is o t ro p ic  N2~N2 p o t e n t i a l s  are a v a i l a b l e  from ab i n i t i o  c a l c u l a t i o n s  
in our i n s t i t u t e  [ 1 6 ,1 7 ] .  J u s t  as most of  t h e  e m p i r i c a l  model p o t e n t i a l s  
which have been pa ra m e te r iz ed  by f i t t i n g  s o l i d  s t a t e  d a t a ,  ou r  ab i n i t i o  
p o t e n t i a l s  have been used to c a l c u l a t e  v a r i o u s  p r o p e r t i e s  of  s o l i d  N2 . 
Without any pa rameter  f i t t i n g  they y i e l d  good agreement  w i t h  ex p e r im e n t  
for  se ve ra l  s o l i d  s t a t e  p r o p e r t i e s ,  p r o v id e d  t h a t  th e  a n h a r m o n i c i t y  i n  
the ( c o l l e c t i v e )  v i b r a t i o n s  of the  N2 m o le c u le s  i n  th e  s o l i d  i s  
co r r e c t l y  taken  i n t o  account.  I t  may be wo r th  m e n t i o n in g  t h a t  a l s o  i n  
the s o l i d ,  a t  low tem pera tu res ,  the  l i b r a t i o n s  of  N2 have f a i r l y  l a r g e  
ampli tudes (about 16° even a t  0 K) , so t h a t  i t  was n e c e s s a r y  to  deve lo p  
spec ia l  l a t t i c e  dynamics methods [18] in  o r d e r  t o  d e a l  w i t h  the  
anharmonicity of  the se  l i b r a t i o n s .  These methods were s t r o n g l y  i n s p i r e d  
by our expe r ience  wi th  Van der Waals m o l e c u l e s .
Among s o l i d  s t a t e  p h y s i c i s t s ,  i t  i s  g e n e r a l l y  b e l i e v e d  t h a t  
e s p e c i a l l y  the  phonon f requenc ies  depend s e n s i t i v e l y  on th e  form of  the  
in te rm o lecu lar  p o t e n t i a l .  We have found ,  however ,  [17] t h a t  th e  two 
d i f f e r e n t  ab i n i t i o  p o t e n t i a l s  do not  y i e l d  more th a n  9% d i f f e r e n c e  
in these f r e q u e n c ie s  f o r  both the o rd e re d  (a and y) phases  of  s o l i d  N2 , 
whereas the  d i s c re pa ncy  with the e x p e r i m e n t a l  f r e q u e n c i e s  i s  about  8%. 
(This i s  cons idered  to be a very good ag reem en t ;  most  e m p i r i c a l  model
TABLE I
Energies of the N2-N2 dimer with two d i f f e r e n t  ab i n i t i o  p o t e n t i a l s .
_ 8^  0b <j> B-vdA p o t e n t i a l  [16] vdA-W-J p o t e n t i a l  [17]
rue ure (degrees)  AE (cm~1) Re (Â) AE (cm~1) Re (Â)
-O — O 90 0 0 83 4 . 1 5 97 4.09
50 50 0 94 4 . 0 2 104 3.97
90 90 0 97 3 . 6 5 91 3.65
90 90 90 122 3.5 0 95 3.64
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p o t e n t i a l s  per form much worse ,  even a f t e r  op t im iza t io n  of  the  parameters .  
B e t t e r  agreement could no t  be expec ted,  i f  only because of  the negle c t  
of  tnany-bocly c o n t r i b u t i o n s  to the  p o t e n t i a l . )  So i t  i s  not  po ss i b le  by 
lo o k i n g  a t  the  s o l i d  s t a t e  d a t a  to  d i sc r imi na te  between th e se  two ab 
i n i t i o  N2-N2 p o t e n t i a l s  and, t h u s ,  to eva lua te  t h e i r  q u a l i t y .
In  Table I  we have a p p l i e d  the  same two ab in i t i .o  p o t e n t i a l s  to 
v a r i o u s  geometr ies of the  N2-N31 dimer and we observe s t r i k i n g  d i f f e r ­
e n c e s .  The o ld e r  p o t e n t i a l  [16] y i e l d s  a crossed (D2d) equ i l i b r ium 
s t r u c t u r e ,  whereas the  a b s o l u t e  minimum for  the newer p o t e n t i a l  [17] 
o c c u r s  f o r  a s h i f t e d  p a r a l l e l  geometry.  Also the r e l a t i v e  energ ies  of  
o t h e r  low ly ing  s t r u c t u r e s  a re  d i f f e r e n t .  The changes in the wel l  depth 
a r e  n o t  l a r g e r  than 20%, however,  and the v a r i a t i o n s  in the re p u ls iv e  
and a t t r a c t i v e  c o n t r i b u t i o n s  which lead to these changes a r e  even more 
s u b t l e .  This s i t u a t i o n  i s  t y p i c a l  for  a Van der Waals molecule.  I t  
i l l u s t r a t e s  t h a t  i t  w i l l  be v e r y  d i f f i c u l t  by means of  ab i n i t i o  
c a l c u l a t i o n s  a lone ,  to o b t a i n  p o t e n t i a l  sur faces  t h a t  a r e  s u f f i c i e n t l y  
a c c u r a t e  t o  p r e d i c t  e q u i l i b r i u m  s t r u c t u r e s  and b a r r i e r s  to  i n t e r n a l  
r o t a t i o n .  The d i f f e r e n c e s  i n  e q u i l ib r iu m  s t r u c t u r e  and in  the b a r r i e r s  
to i n t e r n a l  r o t a t i o n s  w i l l  have t h e i r  consequences f o r  the  r o v i b r a t i o n a l  
t r a n s i t i o n s  in Van der Waals molecule s ,  however. Making dynamical 
c a l c u l a t i o n s  based on v a r i o u s  p o t e n t i a l s  and comparing the  r e s u l t s  wi th 
the  r o v i b r a t i o n a l  s p e c t r a  of  Van der  Waals molecules i s  p robably  the  
most  d i s c r i m i n a t i n g  method to e v a l u a t e  these p o t e n t i a l s .  With the o ld e r  
of  th e  two ab i n i t i o  p o t e n t i a l s  such c a lc u la t i o n s  on the  N2-N2 dimer 
have  been made a l r e a d y  [ 1 9 , 2 0 ] .
The i n f r a r e d  spectrum of  N2-N2 has been measured [7] wi th  a 
r e s o l u t i o n  of  about  1 cm-  ^ in  t h e  gas phase a t  77 K as a d i s c r e t e  s t r u c ­
t u r e  on top of the broad c o l l i s i o n - i n d u c e d  spectrum (see F ig .  1) ,  The 
spec t ru m has been observed in  th e  region of the N2 monomer s t r e t c h  
f r e q u e n c y  a t  2330 cm~1 and the  Van der Waals v i b r a t i o n s  a r e  v i s i b l e  in
y (c rrf')
F i g u r e  1. I n f r a r e d  spectrum o f  N2-N2 a t  77 K from r e f .  [7 ] .
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combination wi th  the N2 s t r e t c h .  Apart  from r o t a t i o n a l  bands due to  
the end-over-end r o t a t i o n s  of the dimer,  the sp ec t ru m  c o n t a i n s  one 
peak at  9.5 cm- 1 , which has been assigned  as a loc ke d  r o t a t i o n a l  
v ib r a t i o n  or l i b r a t i o n ,  and a f a i r l y  r e g u l a r  s e r i e s  of  peaks a t  h i g h e r  
f requenc ies ,  which have been a t t r i b u t e d  t o  ( s l i g h t l y  p e r t u r b e d )  i n t e r ­
nal r o t a t i o n s .
In the c a l c u l a t i o n s  [19,20] the  r o v i b r a t i o n a l  s t a t e s  o f  N2 -N2 
have been expanded in a b a s i s  of f r e e  r o t o r  f u n c t i o n s ,  ex pr e ss ed  i n  
a d imer- f ixed coor d i na te  frame, m u l t i p l i e d  by a b a s i s  o f  Laguer re  
funct ions fo r  the Van der Waals s t r e t c h .  The d imer  h a m i l t o n i a n  w i t h  
the a n i s o t r o p i c  N2-N2 p o t e n t i a l  t h a t  was a v a i l a b l e  from ab i n i t i o  
c a l c u la t i o n s  [16] has been d iagonal iz ed  i n  t h i s  b a s i s .  Al l  bound s t a t e s
NEAR IR T=2K
Wavenumber/cm'^
Figure 2. Ca lc u la ted  i n f r a r e d  spectrum of N2-N2 a t  2 K from r e f .  [ 2 0 ] .
NEAR IR T=25K
-1Wavenumber/cm
Figure 3. Ca lcu la ted  in f r a r e d  spectrum of  N2-N2 a-t 25 K from r e f .  [ 2 0 ] ,  
using a l l  bound s t a t e s .
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oE th e  N2~N2 dimer have thu s  been c a lc u la te d .  Using, an empir ica l  
d i p o l e  f u n c t io n  o b ta in ed  from the  c o l l i s io n- in du ced  i n f r a r e d  spectrum 
[ 2 1 ] ,  we have a l so  c a l c u l a t e d  the  s t rengths  of a l l  the  allowed 
bound-bound d ip ol e  t r a n s i t i o n s  and thus generated the complete in f r a r ed  
s p e c t r a ,  both in the  f a r -  and n e a r - i n f r a r e d  reg ions .  The spectrum in 
th e  r e g i o n  of the  N2 s t r e t c h  frequency i s  shown in F ig .  2, a t  very low 








0 90 100 0 90 180
0 b
Fi g u re  4.  Cuts through r o - v i b r a t i o n a l  wave func t ions  wi th R and <j> 
f i x e d  a t  the  va lu es  s p e c i f i e d  below, The s t a t e s  a re  l a b e l l e d  r ( k , n ) ,  
where r  i s  the  PI (16) symmetry l a b e l ,  k the angular  momentum around 
the  i n t e r m o l e c u l a r  ax is  R and n a sequence number for  the l e v e l s  
b e lo n g in g  t o  the  same T and k. Shown are  the ground s t a t e  a| ( 0 , 1 )
(R=7*0 a 0 , <f>=90°) and the  e x c i t e d  l e v e ls  for  which t r a n s i t i o n s  from 
th e  ground s t a t e  a re  s t r o n g e s t ;  n e a r - i n f r a r e d :  s h i f t e d  p a r a l l e l  
(R=7.4 a0 , <t>=0°) s t r u c t u r e  A j i O j I ) ;  f a r - i n f r a r e d :  T - s t r u c t u r e  
(R=7.4 a 0 , (C=0°) BJ(0 ,1)  and 0 -e xc i te d  s t a t e  (R=7.4 a0 , <j>=90°) B1 ( 1,1 ) .
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In the  low temperature spectrum s p e c i f i c  t r a n s i t i o n s  from the v i b r a ­
t i o n a l  ground s t a t e  to some low ly in g  e x c i t e d  s t a t e s  a re  c l e a r l y  
d i s t i n g u i s h a b l e .  These s t a t e s  a r e  more or  l e s s  l o c a l i z e d ,  see F ig .  4,  
around the  d i f f e r e n t  l o c a l  minima in the  p o t e n t i a l .  Al ready a t  25 K 
many s t a t e s  a re  popu la ted ,  the energy d i f f e r e n c e s  between them do not  
show a r e g u l a r  p a t t e r n  as in harmonic v i b r a t i o n s  o r  f r e e  r o t a t i o n s ,  
and so the  s t r u c t u r e  in  the spectrum i s  r a t h e r  b l u r r e d .  So we th i n k  
th a t  the  lower frequency pa r t  of  the  e x p e r im e n ta l  i n f r a r e d  spect rum 
[7] at. 77 K can c e r t a i n l y  not be a s c r i b e d  to  a s i n g l e  l i b r a t i o n a l  
t r a n s i t i o n .  I t  w i l l  be due to many d i f f e r e n t  t r a n s i t i o n s  which could 
only be reso lved a t  much lower te m pera tu re .
A s u r p r i s i n g  f e a t u r e  in the c a l c u l a t e d  s p e c t r a ,  F i g s .  2 and 3,  
i s  the  complete absence of  the s e r i e s  of  bands a t  h i g h e r  f r equency  
which have been assigned [7] to (n ea r ly )  f r e e  i n t e r n a l  r o t a t i o n s .  
Although a l l  the bound s t a t e s  up to  th e  d i s s o c i a t i o n  l i m i t  have been 
inc luded i n  the  genera t ion  of the i n f r a r e d  s pe c t r um ,  no r e g u l a r  
p a t t e r n  of  f r e e  i n t e r n a l  ro tor  t r a n s i t i o n s  i s  v i s i b l e  s t i l l .  We 
b e l i eved  t h a t  such a p a t t e r n ,  which has been observed  e x p e r i m e n t a l l y ,  
might a c t u a l l y  be due to r o t a t i o n a l  ( p r e d i s s o c i a t i o n )  s t a t e s  l y i n g  
in the  continuum, i . e .  to r o t a t i o n a l  r e s o n a n c e s .  Both the f a i r l y  h igh  
tempera ture  (77 K) of  the experiment and th e  o b s e r v a t i o n  t h a t  t h e  
s t r u c t u r e  in the  spectrum continues beyond th e  d i s s o c i a t i o n  energy 
support  t h i s  assumption.  In order  to  s tu d y  t h i s  p o s s i b i l i t y  we have 
s t a r t e d  c a l c u l a t i o n s  on the ^ - A r  d ime r ,  which i s  s im ple r  than N2_N2 > 
but has a very s i m i l a r  in f r a r ed  spect rum [ 8 ] ,  see F ig .  5.  The r e s u l t s  
of these  s t u d ie s  a re  repor ted in  the  se qu e l  o f  t h i s  pa pe r .
f'fcm ')
Fig ure  5. I n f r a r e d  spectrum of i ^ -A r  a t  87 K from r e f .  [ 8 ] .
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3. BOUND AND ROTATIONAL RESONANCE STATES AND THE INFRARED SPECTRUM
OF N2Ar
3 .1 .  Theory
The Hamil tonian which d e s c r ib e s  the nuc le a r  motions i n  a dimer 
t h a t  c o n s i s t s  o f  two r i g i d  mole cu le s ,  has been d i sc u ss e d  by Brocks 
e t  a l .  [22],  The s p e c i a l  case of  an atom-diatom system has been sub jec t  
to  e x t e n s i v e  s t u d i e s  [1 ] .  Bound s t a t e s  of t h i s  Hami l tonian a re  us u a l l y  
c a l c u l a t e d  by an expansion  in a b a s i s  se t  which c o n s i s t s  o f  products 
o f  f r e e  r o t o r  angular  f un c t ions  and r a d i a l  b a s i s  f u n c t i o n s .  The angles 
d e s c r i b e  the  o r i e n t a t i o n s  of  the  molecules and of  the  complex as a 
whole ,  and the  r a d i u s  i s  th e  d i s t a n c e  between the  c e n te r s  of  mass of 
the  m ol ecu le s .  The expans ion parameters  a re  then v a r i a t i o n a l l y  opt imized;  
t h i s  method has been c a l l e d  SE [1] or  LC RAMP [19].  The d e t a i l s  of the  
c a l c u l a t i o n  and p o s s i b l e  approximations  depend on the  p a r t i c u l a r  
c o o r d i n a t e  r e f e r e n c e  frame which i s  chosen [1 , 22 ] .  However, as our 
c a l c u l a t i o n s  a r e  exac t  w i th in  th e  f i n i t e  space spanned by our b a s i s ,  
t h e s e  d e t a i l s  a r e  i r r e l e v a n t  h e r e .
The r e s u l t i n g  p a t t e r n  of energy leve ls  i s  very dependent on the 
i n t e r a c t i o n  p o t e n t i a l ,  e s p e c i a l l y  on i t s  an i so t ropy ,  and on the 
r o t a t i o n a l  c on s ta n t s  of  the molecules.  For atom-diatom systems,  no t ab le  
ext reme cas e s  a re  ^ A r ,  which behaves l i k e  a (an)harmonic o s c i l l a t o r /  
r i g i d  r o t o r  molecule [23] ,  and H2Ar, where H£ behaves as a f ree  
i n t e r n a l  r o t o r  [1] .  Approximate l a b e l i n g  schemes for  th e  s t a t e s ,  which 
a re  based  on the a n i s o t r o p y  of th e  i n t e r a c t i o n  p o t e n t i a l  ve rsus  the 
r o t a t i o n a l  c o n s t a n t  o f  the  d iatom,  have been d i scuss ed  by Ewing [2A] .
In case  of  a s t r o n g l y  a n i s o t r o p i c  p o t e n t i a l  and/or  a small  r o t a t i o n a l  
c o n s t a n t ,  the  l a b e l s  o f  t h e  harmonic o s c i l l a t o r / r i g i d  r o t o r  model 
can be used .  For ^ A r ,  which has a t r i a n g u l a r  equ i l i b r ium  s t r u c t u r e ,  
t h i s  amounts to  v g , the  s t r e t c h  quantum number d e s c r i b i n g  th e  motion 
in  the  r a d i a l  d i r e c t i o n ,  v^ ,  the  bend quantum number d e s c r i b i n g  the 
o r i e n t a t i o n a l  motion of  t h e  diatom in  the  complex, and k, the  symmetric 
top r o t a t i o n a l  quantum number. ( I f  th e  atom i s  r e l a t i v e l y  heavy 
compared to  th e  d iatom,  and the  atom-diatom d is ta nc e  i s  l a r g e r  than 
th e  d ia tom bond l e n g t h ,  th e  asymmetry s p l i t t i n g  i s  smal l .  The complex 
i s  t h e n  a n ea r  p r o l a t e  symmetric t o p . )  In case of  a n e a r l y  i s o t r o p i c  
p o t e n t i a l  and /or  a l a r g e  r o t a t i o n a l  cons ta n t ,  the diatom can be 
t r e a t e d  as a f r e e  i n t e r n a l  r o t o r .  The l a b e ls  of t h i s  model á re  j ,  the  
a n g u l a r  momentum quantum number a ss o c ia te d  with the r o t a t i o n  of the 
d i a to m ,  and I ,  the  an gu la r  momentum quantum number a s s o c i a t e d  wi th  
th e  r o t a t i o n  of  the  v e c t o r  which connects the cen t e r  o f  mass of the 
d ia tom w i th  th e  atom. In bo th models ,  the s t a t e s  are l a b e l l e d  
a d d i t i o n a l l y  wi th  the  o v e r a l l  r o t a t i o n a l  quantum number J and wi th  
th e  p a r i t y ,  which a r e  e x a c t  quantum numbers. A c o r r e l a t i o n  diagram f o r  
th e  two models has been g iven  by Henderson and Ewing [ 8 ] .  This diagram 
i s  c o m p l i c a te d ,  bu t  can be s i m p l i f i e d ,  i f  one d i s r e g a r d s  f o r  the moment 
th e  r o t a t i o n a l  f i n e  s t r u c t u r e  caused by J and I .  The c o r r e l a t i o n  
be tween th e  two models i s  then simply:
v-  ^+ k j (D
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In the next  s e c t i o n  we w i l l  t r y  to a s s i g n  l a b e l s  to  th e  c a l c u l a t e d  
s t a t e s  of N2Ar and to de te rmine  t h e i r  p o s i t i o n s  i n  t h e  c o r r e l a t i o n  
diagram.
At the te mp era tu res  of  bulk gas e x p e r i m e n t s ,  such as i n  r e f s .
[5-8] ,  continuum s t a t e s  a r e  s t r o n g l y  o c c u p i e d .  Most o f  t h e s e  c o n t r i b u t e  
to  the i n f r a r e d  spectrum as a broad s t r u c t u r e l e s s  band ,  t h e  s o - c a l l e d  
c o l l i s i o n  induced a b s o r p t io n  [21] .  Some cont inu um s t a t e s ,  however ,  
g ive r i s e  to a d d i t i o n a l  s t r u c t u r e .  A s t a t e ,  i n  which  the  d i a to m  i s  
exc i te d  as an i n t e r n a l  r o t o r ,  can have a f i n i t e  l i f e  t ime t ,  b e f o r e  
th e  diatom r o t a t i o n a l  energy i s  t r a n sf o rm e d  i n t o  t r a n s l a t i o n a l  en e rg y  
(between atom and diatom) and the  complex d i s s o c i a t e s .  In  t h e  sp e c t r u m ,  
a t r a n s i t i o n  to such a s t a t e  r e s u l t s  i n  a homogeneously broadened  l i n e  
having a wid th T ~ 1 / t . Such a s t a t e  i s  c a l l e d  a r o t a t i o n a l  r e s o n a n c e .
The c a l c u l a t i o n  of  continuum s t a t e s  i s  c o s t l y ,  e s p e c i a l l y  by n u m e r i c a l  
c lo se  coupl ing c a l c u l a t i o n s .  In o r d e r  to  e s t a b l i s h  t h e  p o s s i b l e  r o l e  
of  r o t a t i o n a l  resonances in  the i n f r a r e d  s p e c t r u m  o f  N2Ar we t h e r e f o r e  
adopt two pro cedu re s .  In the  f i r s t ,  more a p p r o x i m a t e  p r o c e d u r e ,  we 
cons ider  r o t a t i o n a l  resonances  as i f  t h e y  were bound s t a t e s ,  i . e .  we 
exclude a l l  d i s s o c i a t i o n  channels.  This  a l l o w s  a r e l a t i v e l y  cheap 
c a l c u l a t i o n  of  the  approximate p o s i t i o n  o f  a l a r g e  number o f  r e s o n a n c e s .  
Moreover, th e se  (qua s i )  bound s t a t e s  can be c l a s s i f i e d  a l o n g  t h e  same 
l i n e s  as the  t r u l y  bound s t a t e s .  The second p r o c e d u r e  i n v o l v e s  more 
computat iona l  e f f o r t  as the  c a l c u l a t i o n s  a r e  r e p e a t e d  w h i l e  add ing  
the  d i s s o c i a t i o n  ch ann e ls .  The co u p l i n g  w i t h  t h e s e  ch a n n e ls  r e s u l t s  i n  
a le v e l  s h i f t  of the  q uas i  bound s t a t e s ,  and i n  a b r o a d e n i n g ,  which 
i s  c h a ra c t e r i z e d  by a c e r t a i n  wid th .  The l a t t e r  c a l c u l a t i o n s  a r e  
performed f o r  a subse t  of  resonance s t a t e s ,  from which we hope to 
draw conc lus ions  r e l a t e d  to a l l  t h e s e  s t a t e s .  I f  t h e  c o u p l i n g  to  t h e  
d i s s o c i a t i o n  continuum i s  s t r ong ,  b o th  w id th  and l e v e l  s h i f t  a r e  l a r g e .  
Such a s t a t e  i s  thus n o t  s e p a r a t e l y  o b s e r v a b l e  i n  t h e  sp e c t r u m .  For  a 
weak coupling the  s t a t e  can be observed  due t o  i t s  smal l  w i d t h .  But 
then the  l e v e l  s h i f t  i s  a l so  sm al l ,  and t h e  q u a s i  bound l e v e l  
determined in  the f i r s t  procedure i s  a good a p p r o x i m a t i o n  of  th e  
p o s i t i o n  of  the  re sonance .  So, as a r e s u l t  o f  t h e  f i r s t  p r o c e d u r e ,  t h e  
p a t t e r n  of  energy l e v e l s  f o r  the r e s o n a n c e  s t a t e s  and i t s  impact  on 
th e  s t r u c t u r e  of  th e  spectrum can be d i s c u s s e d .  As a r e s u l t  o f  t h e  
second procedure ,  i t  can be de te rmined which o f  t h e  r e s o n a n c e s  a r e  
a c t u a l l y  obse rv abl e .
The c a l c u l a t i o n  of  the resonance p o s i t i o n  and w id th  i n  the  
second procedure i s  based  on an ex pans io n  i n  t h e  same b a s i s  s e t  as 
was used f o r  the bound s t a t e s .  The s t a t e s  r e s u l t i n g  from t h e  v a r i a ­
t i o n a l  c a l c u l a t i o n  which have a p o s i t i v e  e n e rg y  t h e n  r e p r e s e n t  t h e  
continuum in the way explained in r e f .  [ 2 5 ] .  These  s t a t e s  can be used  
to  c a l c u l a t e  an approximate resonance  phase  s h i f t :
6ri ( * [en +£n+1]) = \  <2)m=1
Here cn i s  the  p o s i t i v e  e ig env a lu e  of  t h e  v a r i a t i o n a l  c a l c u l a t i o n  
and |n> the  a s s o c i a t e d  e i g e n s t a t e .  The s t a t e  | i> i s  th e  c l o s e d  
channel  p a r t  of  the  re sonance ,  i . e .  t h e  r e s u l t  o f  t h e  c a l c u l a t i o n
346 G. BROCKS AND A. VAN DER AVOIRD
where the  d i s s o c i a t i o n  channe ls  a r e  excluded.  As o u t l i n e d  in  r e f .  [25] ,  
t h i s  approximate  phase s h i f t  can be used to ob ta in  the resonance 
p a r a m e te r s .  The t r u e  phase s h i f t  i s  a continuous func t io n  of  the 
energy  E, and a resonance  i s  c h a r a c t e r i z e d  by a sharp r i s e  of  th i s  
f u n c t i o n  around the  energy E£, which i s  c a l l ed  the  p o s i t i o n  of the 
r e so n an ce .  For the  d i s c r e t e  f u n c t i o n  of Eq. (2) ,  the s i t u a t i o n  
where would mean t h a t :
]<i  |n > | 2 >> | <i|m> f 2 , m ^ n (3)
In  g e n e r a l ,  a b a s i s  s e t  c o n t a i n s  one or  more i n t r i n s i c  parameters ;  
changing  the se  pa rameters  r e s u l t s  in  a s h i f t  of the  e igenvalues  £n of 
the  v a r i a t i o n a l  c a l c u l a t i o n .  I f  the  d i s c r e t e  approximation of  Eq. (2) 
resemb les  the  t r u e  phase s h i f t ,  and the d i f fe r e n c es  between the 
e i g e n v a lu e s  do not  vary  too d r a s t i c a l l y  in changing the  b a s i s  se t  
p a r a m e t e r s ,  then the q u a n t i t y  | < i | n > | 2 has i t s  maximum in the 
s i t u a t i o n  where E£ = e . Revers ing  the  argument, the p o s i t i o n  of the 
resona nce  E^ can be found by maximizing | < i | n > | 2 , whi le  vary ing  the 
i n t r i n s i c  b a s i s  s e t  p a r am e te rs .  The width of  the resonance can in 
p r i n c i p l e  be found by assuming a Brei t -Wigner l i n e  shape [26] between 
the p o i n t s  i [ e n + en_ i ]  and HEn + e +^].  The compl ica t ions  which a r i s e  
i f  cn_^ an d /o r  en+  ^ r e p r e s e n t  a neighbour ing resonance ,  lead to a 
somewhat modi fied  p roc ed ure .  This  has been d iscussed i n  r e f .  [25].
From a d i f f e r e n t  s t a r t i n g  p o i n t  G ra b e n s t e t t e r  and LeRoy have developed 
a s i m i l a r  p rocedure  [27] .
The c a l c u l a t i o n s  w i l l  on ly y i e l d  meaningful r e s u l t s  when the 
r e so n an ce s  a re  i s o l a t e d ,  i . e .  non-over lapping.  Accurate c lo se  coupl ing 
c a l c u l a t i o n s  on ArHCl by Ashton e t  a l .  [28] i n d i c a te  the  v a l i d i t y  
of  t h a t  assumpt ion  fo r  narrow resonances .  Those a re  a l so  th e  most 
i n t e r e s t i n g  ones in  our  c a se .  Our procedure was t e s t e d  on r o t a t i o n a l  
r e so nanc es  of  t^Ar  [25] and the  r e s u l t s  were compared to accu ra te  
c l o s e  coupled va lues  [29].  The c a l c u l a t e d  resonance p o s i t i o n s  were 
in  e x c e l l e n t  agreement;  the  wid ths  were 25% too h igh ,  but  t h e i r  
r a t i o s  were aga in  in  e x c e l l e n t  agreement.  Considering t h a t  these 
c a l c u l a t i o n s  a re  r e l a t i v e l y  cheap fo r  resonances a t  not  too high 
e n e r g i e s ,  these  r e s u l t s  a r e  s a t i s f a c t o r y .
3 . 2 .  R e s u l t s
For t h e  c a l c u l a t i o n s  we have used the  semi-empir ical  p o t e n t i a l  of 
Candor i  e t  a l .  [3 0 ] ,  which has been cons t ruc ted us ing a f a i r  amount 
of  e x pe r im en ta l  d a t a .  I t  i s  most convenient  i f  t h i s  i n t e r a c t i o n  
p o t e n t i a l  i s  expres sed  as a s e r i e s  expansion in Legendre 
po ly n o m ia ls .  For t h a t  pu rp os e ,  the  p o t e n t i a l  has been numer ica l ly  
t r a n sf o rm e d  in t o  such a form. Trunca t ion  of the s e r i e s  a t  the 
Legendre polynomial  o f  o r d e r  8 had an e f f e c t  of l e s s  than 0.005 cm- 1 on 
the bound s t a t e  e i g e n v a l u e s .  With the  bas i s  we have used ,  these  
e i g e n v a l u e s  were converged w i t h i n  0.05 cm-  ^ .
A number of  c a l c u l a t i o n s  f o r  va r ious  ov e ra l l  r o t a t i o n a l  s t a t e s  J 
(remember t h a t  J  i s  t h e  only e xa c t  quantum number) have been performed. 
Approximate l a b e l s ,  as  d i s c u s s e d  i n  the previous s e c t i o n ,  have been
INTERMOLECULAR POTENTIALS, INTERNAL MOTIONS AND THE SPECTRA 347
assigned to the r e s u l t i n g  s t a t e s  on th e  b a s i s  o f  en ergy  l e v e l  s e p a r a ­
t i ons  and the c o e f f i c i e n t s  of  the dominant b a s i s  f u n c t i o n s .  I f  t h e s e  
s t a t e s  a re  s o r t e d  on t h e i r  r a d i a l  s t r e t c h  quantum number v s , f o r  each  
vg a c o r r e l a t i o n  d iagram can be made w i th  the  l e v e l s  o f  t h e  harmonic  
o s c i l l a t o r / r i g i d  r o t o r  model on one s i d e  and t h e  f r e e  i n t e r n a l  r o t o r  
model on the  o t h e r  s i d e .  Such a diagram i s  g iv e n  i n  F i g .  6 f o r  th e  
le ve ls  with v c=0, v^ ,  k from 0 to  3 and J=k.  I n  the  lower en e rg y  r a n g e  
one observes many c r o s s i n g s  in the c o r r e l a t i o n  be tween t h e  N2Ar l e v e l s  
and the f r e e  i n t e r n a l  r o t o r  l e v e l s  and few c r o s s i n g s  between t h e  N2Ar 
le ve l s  and the harmonic o s c i l l a t o r / r i g i d  r o t o r  l e v e l s .  E s p e c i a l l y  i n  
the v i b r a t i o n a l  ground s t a t e  N2Ar has a r i g i d  r o t o r  l i k e  spec t rum .  
Already a t  the  second bending o v e r to ne ,  the  r i g i d  r o t o r  c h a r a c t e r  
i s  d iminished,  as i n d i c a t e d  by the r e l a t i v e l y  l a r g e  s p l i t t i n g  o f  t h e  
r o t a t i o n a l  e x c i t a t i o n s .  A t r a n s i t i o n  range  s t a r t s  h e r e ,  where t h e  N2Ar 
l eve ls  cannot be as s igned  to e i t h e r  one o f  t h e  l i m i t i n g  m o de ls .  In 
t h i s  range a l s o  the  v g and modes a re  s t r o n g l y  coupled  and p a r t  o f  
the assignment becomes r a t h e r  a r b i t r a r y .  At h i g h e r  en ergy  the  number 
of c ross ings  between the  N2Ar l e v e l s  and the  f r e e  i n t e r n a l  r o t o r  l e v e l s  
decreases.  With some imagina t ion  a j=5 m u l t i p l e t  can be r e c o g n i s e d  j u s t  
below the d i s s o c i a t i o n  l i m i t .  For o t h e r  v s s t a t e s ,  t h e  c o n c l u s i o n s  a r e  
more or l e s s  s i m i l a r ;  we w i l l  come back t o  t h i s  p o i n t  l a t e r .  A g e n e r a l  
conclusion i s  t h a t  a t  t empera tures  where on ly  bound s t a t e s  a r e  
s u f f i c i e n t l y  pop ul a te d ,  a f r ee  i n t e r n a l  r o t o r  c h a r a c t e r  i s  p r a c t i c a l l y  
absent .  Only a t  very low tem per a tures ,  the  r i g i d  r o t o r  c h a r a c t e r  may 
be observed;  i n c r e a s i n g  the temperature  i n v o l v e s  th e  l e v e l s  in the 
t r a n s i t i o n  r eg io n  and the r e s u l t i n g  spec t rum becomes very  c o m p l i c a t e d .  
These conc lus ions  a r e  c o n s i s t e n t  wi th th e  (N2 ) 2 r e s u l t s .
The expe r im en ta l  spectrum of  Henderson and Ewing [ 8 ] was o b t a i n e d  
for  a t emperature  of  87 K, a t  which continuum s t a t e s  a r e  s t r o n g l y  
popula ted.  Most of  t h i s  spectrum was i n t e r p r e t e d  in terms  of  a 
one-dimensiona l h ind ered  i n t e r n a l  r o t o r  model .  Our c a l c u l a t e d  bound 
s t a t e s  cannot e x p la in  the observed s t r u c t u r e  i n  t h e  spec t r um.  So, u n l e s s  
the p o t e n t i a l  of  Candori  e t  a l .  [30] i s  s u b s t a n t i a l l y  wrong, th e  e x p l a ­
n a t io n  must invoke the  r o t a t i o n a l  re so na nce  s t a t e s .  I f  t h e  l a t t e r  a r e  
t r e a t e d  as bound s t a t e s  (see prev io us  s e c t i o n )  , t h e  ass ignment  of  
approximate l a b e l s  i s  s i m i l a r .  F ig .  7 g iv e s  t h e  r e s u l t s  f o r  t h e  v s =0 
r o t a t i o n a l  r eson an ces .  These s t a t e s  c l e a r l y  show a f r e e  i n t e r n a l  r o t o r  
cha ra c te r .  F ig s .  6 and 7 then give a comple te  c h a r a c t e r i s a t i o n  of  t h e  
v s=0 s t a t e s  of  N2Ar. A d i s t i n c t  f r e e  i n t e r n a l  r o t o r  p a t t e r n  i s  no t  
observed u n t i l  the  resonance  s t a t e s  a r e  r e a c h e d ,  i . e .  f o r  j = 6 . R e s u l t s  
for  o ther  v s s t a t e s  a re  s i m i l a r .  By e x c i t a t i o n . i n  t h e  r a d i a l  s t r e t c h  
mode, the average d i s t a n c e  between atom and d ia to m  i n c r e a s e s .  The 
i n t e r a c t i o n  p o t e n t i a l  becomes l e s s  a n i s o t r o p i c  a t  l a r g e r  d i s t a n c e s .  
Therefore ,  f o r  th e s e  r a d i a l l y  e x c i t e d  s t a t e s ,  a f r e e  r o t o r  p a t t e r n  i s  
observed f o r  lower v^ and k than fo r  th e  v g=0 s t a t e s .  However,  the  
r a d i a l  e x c i t a t i o n  energy compensates f o r  t h i s  e a r l i e r  o n s e t  o f  f r e e  
i n t e r n a l  r o t o r  c h a r a c t e r .  So on the whole ,  t h e  f r e e  i n t e r n a l  r o t o r  
p a t t e r n  i s  observed only for  resonance  s t a t e s .
The onse t  of  f r e e  i n t e r n a l - r o t o r  c h a r a c t e r  can be e s t i m a t e d  from 
diagrams l i k e  F ig s .  6 and 7 and i t  i s  g iv en  i n  Tab le  I I  as  a f u n c t i o n  
of the r a d i a l  ( s t r e t c h )  e x c i t a t i o n .  In  a o n e - d i m e n s i o n a l  model  [ 8 ]
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F i g u r e  6 . Bound s t a t e s  of  NjAr with s t r e t c h  quantum number v s=0 and 
o v e r a l l  r o t a t i o n a l  quantum number J=k, c o r r e l a t e d  wi th th e  l e v e l s  o f  
th e  harmonic o s c i l l a t o r / r i g i d  r o t o r  model and those  of  th e  f r e e  i n t e r ­
n a l  r o t o r  model. The s t a t e s  a r e  labe led with bend quantum number v^ , 
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Figure  7. R o ta t i o n a l  resonances w i th  v s =0, J = k ,  l a b e l i n g  see  F i g u r e  6 .
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Radia l  s t r e t c h  e x c i t e d  s t a t e s  (vj-^0, k=0) , v i b r a t i o n a l l y  averaged 
atom-dia tom d i s t a n c e s  and p o t e n t i a l  values a t  the T-shaped and 
l i n e a r  geomet ries of  ^ A r .  The onse t  of the i n t e r n a l  r o t o r  
c h a r a c t e r  i s  e s t im a te d  from diagrams l ik e  F igs .  6 and 7.






l i n e a r
_ j
f r ee  i n t e r n a l  
r o t o r  onse t
0 -77.95 3.71 -98.17 -52.30 61 -56.17 3.92 -83 .00 -70.39 5
2 -37.13 4.12 -67.64 -67.33 4
3 -19.74 4.42 -48 .50 -53.50 4
4 -9 .53 4.81 -30.58 -36.50 2
5 -2.81 5.83 -9 .27 - 12. 20 0
6 -0 .64 7.51 -1 .89 -2.49 0
i t  can be r e l a t e d  to the r o t a t i o n a l  b a r r i e r  which i s  by d e f i n i t i o n  the 
d i f f e r e n c e  in p o t e n t i a l  energy between the T-shaped and the l i n e a r  
s t r u c t u r e .  In the  m u l t i - d im e n s io n a l  case,  t h i s  d e f i n i t i o n  of the 
r o t a t i o n a l  b a r r i e r  has  l i t t l e  meaning, as i s  shown in Table I I ,  where 
the  v a l u e s  of the  p o t e n t i a l  fo r  the  v i b r a t i o n a l l y  averaged d i s ta nc es  
a r e  g i v e n .  I n s t e a d ,  one should cons ider  the topology of  the  p o t e n t i a l  
s u r f a c e  i n  a l l  c o o r d i n a t e s .
At t h i s  s ta g e  i t  i s  u s e f u l  to consider  whether the  c a l c u l a t e d  
l e v e l s  can lead to th e  i n t e r p r e t a t i o n  of  the exper imenta l  spectrum [8 ] ,  
i f  on ly  q u a l i t a t i v e l y .  For t h i s  purpose,  a crude procedure fo r  the 
c o n s t r u c t i o n  of  a spectrum i s  chosen. We d is rega rd  the o v e r a l l  r o t a ­
t i o n a l  f i n e  s t r u c t u r e  a s s o c i a t e d  wi th  d i f f e r e n t  J v a lu e s .  The s e t  of 
l e v e l s  from F igs .  6 and 7 i s  t aken,  to ge the r  with the equ iv a l e n t  l ev e l s  
f o r  t h e  s t r e t c h  e x c i t e d  s t a t e s .  Each le ve l  i s  weighted wi th  the 
a p p r o p r i a t e  Boltzmann f a c t o r  and wi th  i t s  sp in  s t a t i s t i c a l  weight .  
Allowed t r a n s i t i o n s  a r e  determined by a se t  of  s e l e c t i o n  r u l e s  and i t  
i s  assumed t h a t  they  a l l  have equal  s t r e n g t h s .  For harmonic o s c i l l a t o r  
l i k e  s t a t e s  the s e l e c t i o n  r u l e s  a re
(a) Avs=0 ; AV|D=0,±1 ; Ak=0,±1
(b) Avg=±1 ; Avb=0 ; Ak=0,±1
I f  t h e  t r a n s i t i o n  d i p o l e  moment i s  mainly determined by the N2 
quadr up o le  induced d i p o l e  on Ar (and po ss i b ly  by low orde r  exchange 
t e r m s ) ,  th e  s e l e c t i o n  r u l e s  for  a f r e e  i n t e r n a l  r o t o r  a r e
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(a) Avg = 0 ; Aj = 0,±2
(b) Avs = ±1 ; Aj = 0
For each v s , a t h r e s h o l d  i s  s e t ,  below which th e  harmonic o s c i l l a t o r  
s e l ec t io n  r u l e s  apply ,  and above which th e  f r e e  r o t o r  s e l e c t i o n  r u l e s  
are v a l i d .  These t h r e s h o l d s  are given in  Table  I I .  The t r a n s i t i o n  l i n e s  
tha t  are thus computed a re  a r t i f i c i a l l y  broa dene d  by a p p l y i n g  a L o r e n t z  
p r o f i l e  of  uni form wid th (2.5 cm~1). Thus a s i m u l a t e d  sp ec t r um  i s  con­
s t ru c te d ,  which i s  given in Fig.  8 f o r  the  e x p e r i m e n t a l  t e m p e r a t u r e .  
Fo r tuna te ly ,  the  gross  s t r u c t u r e  of  the sp ec t r u m  does  no t  depend s e n s i ­
t i v e ly  on the  th r e s h o l d s  or  the Lorentz  w i d t h .  The e x p e r i m e n t a l  sp ec ­
trum was measured near  the  N2 monomer s t r e t c h  f r e q u e n c y  of  2330 cm- ' ; i n  
order to compare the  experimental  v a lu e s  w i t h  F i g .  8 one sh o u ld  thu s  
su bt r ac t  t h i s  v a lu e .  Q u a l i t a t i v e l y  the agreemen t  i s  good, e s p e c i a l l y  i n  
the h igher energy r e g io n ,  where the  c h a r a c t e r i s t i c  s t r u c t u r e  o f  a f r e e  
i n te r n a l  r o t o r  spectrum i s  observed.  This  i s  d i r e c t  ev id en ce  f o r  ou r  
a s s e r t i o n  t h a t  the r e g u l a r  s t r u c t u r e  of  t h e  e x p e r i m e n t a l  spec t rum i s  
mainly due to r o t a t i o n a l  resonance s t a t e s ,  and n o t  to  the bound s t a t e s .  
The peaks in the  s imu la ted  spectrum are  even c l o s e r  to  f r e e  i n t e r n a l  
ro tor  t r a n s i t i o n s  than  the exper imenta l  p e a k s .  However,  one should  be 
carefu l  to draw q u a n t i t a t i v e  conc lus ion s  on t h e  b a s i s  of  such a c rude  
ca lcu la ted  spec trum.  In r e a l i t y ,  the  t r a n s i t i o n  s t r e n g t h s  sh o u ld  be c a l ­
culated with th e  use of  a reasonable  i n t e r a c t i o n  d i p o l e  s u r f a c e ;  f u r t h e r ­
more the o v e r a l l  r o t a t i o n a l  bands w i l l  have t o  be i n c l u d e d .  T h is  w i l l  
also y ie ld  a d e f i n i t e  assignment of  the  s t r u c t u r e  i n  the  lower  f r e q u e n c y  
par t  of the spectrum,  which conta ins  c o n t r i b u t i o n s  from t r a n s i t i o n s  
between l o c a l i z e d  bending s t a t e s  and from s t r e t c h  t r a n s i t i o n s .  As c a l ­
cu la t ions  on (N2 )2  have shown, however,  t h e  r e q u i r e d  c o m p u t a t i o n a l  
e f f o r t  i s  s u b s t a n t i a l  [ 20] .
Figure 8 . Simulated spectrum of ^ A r  a t  T=87 K, from s i m p l i f i e d  model 
(see t e x t ) .  The v e r t i c a l  l i n e s  i n d i c a t e  t h e  p o s i t i o n s  of  t h e  o r t h o / p a r a  
N2 f r ee  r o t o r  t r a n s i t i o n s  wi th  t h e i r  sp in  s t a t i s t i c a l  w e i g h t s .
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R o t a t i o n a l  resonance  pa ram e te rs  and assignments for  the  J = 0  
r e s o n a n c e s .
TABLE I I I
or tho  N2 para N2
ass ignment  resonance  assignment resonance
Vs , j p o s i t i o n  
( cm~ 1 )
wid th  
(cm“ ' )




3 ,2  <a) 1 .5 0 .30 2,3 4.9 1.7
4 ,2 7.5 0 .98 3,3 15.1 1 . 2
5,2 7.9 1 . 6 4,3 / \ 20. 8 0.46
6 , 2 1 1 . 2 0.33 1 5,3 ( ’ 23.5 1 . 8
2,4 12.7 1.7 I 6,3 24.6 0.65
0 , 6 2 2 . 6 0.38 2,5 34.6 2 . 2
3,4 25.9 3.5 3 >5 , X 45.9 1 . 6
4,4 32.3 1.4 ƒ 0,7 (a) 52.3 0.29
5,4 37.8 0.64 I 4,5 55.5 1.7
6,4 40.0 0.19 5,5 58.9 0.85
1 , 6 45.0 1.3 6,5 60.5 0.34
2 , 6 60.8 1 . 6 1,7 74.0 1 . 2
3,6 72.4 2 . 0 2,7 91.1 2.4
4 ,6 79.6 1.3 3,7 101 .9 1 . 2
5,6 83.1 0.93 4,7 108.9 0.95
6 , 6 84.9 0 .18 5,7 1 1 2 . 1 0.57
6,7 113.5 0.33
(a) th e s e  s t a t e s  a r e  mixed
The widths of  the J=0 r e so n an ces  were obtained by using the proce­
dure  o u t l i n e d  in  the  prev i ous  s e c t i o n .  The p r o p e r t i e s  of  the  r o t a t i o n a l  
r e s o n a n c e s  a re  i n t i m a t e l y  connec ted  with the  f r e e  i n t e r n a l  r o t or  
c h a r a c t e r .  Therefore  we have changed the la b e l in g  of s t a t e s  somewhat, 
as  compared to F ig s .  6 and 7. In  Table I I I  the s t a t e s  a re  labe led  wi th  
th e  s t r e t c h  quantum number v s and the  diatom angular  momentum j . For 
jS 4 ,  t h i s  l a b e l i n g  i s  ob vi ous ,  a p a r t  from some occas iona l  mixing of 
n ea rb y  re so n an ces .  For j =3 and e s p e c i a l l y  j=2 the s t a t e s  a re  s t rongly  
mixed and the  l a b e l i n g  i s  h i g h l y  approximate.  The p o s i t i o n  of  the 
re s o n a n c e s  i s  s h i f t e d ,  as compared to  the quasi  bound s t a t e  c a lc u la ­
t i o n s .  In  most c a s e s ,  however,  t h e  s h i f t s  a re  smal le r  than the widths 
of t h e  re s o n a n c e s ,  which conf i rms  th e  v a l i d i t y  of  the quas i  bound 
c a l c u l a t i o n s .  The only e x c e p t i o n s  a r e  the j=2 resonances,  but  these 
have a l a r g e  wid th  and a re  pr o b a b ly  over lapping,  so the  model breaks 
down anyway.
D e s p i t e  t h e  s t r o n g  a n i s o t r o p y  of  the p o t e n t i a l ,  the  resonances a r e
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s u r p r i s i n g l y  narrow. The c a l c u l a t e d  wid ths  a r e  i n  th e  range  of  0 .18  
to  3.5 cm~1 . For i^A r ,  our method o v e r e s t i m a t e d  the  w id th s  [25] , ,  so 
they.might even be s m a l l e r .  The main r e a s o n  f o r  t h i s  s h a r p n e s s  seems 
th e  exc lus ion  of  the  j-*-j- 1  d i s s o c i a t i o n  r o u t e  f o r  symmetry r e a s o n s .
The s t a t e s  with even and odd j be long  to  o r t h o  and p a r a  n i t r o g e n ,  
r e s p e c t i v e l y ,  and t r a n s i t i o n s  between t h e s e  two s p e c i e s  a r e  e x c l u d e d .
The v a r i a t i o n  of  the  widths  with the  s t r e t c h  quantum number v s w i t h i n  
th e  same j s e r i e s  fo l lows  the same p a t t e r n  t h a t  has been o b se rv ed  by 
Ashton e t  a l .  in ArHCl [28] .  At f i r s t  th e  w i d t h  i n c r e a s e s  s l i g h t l y  
with in c rea s i ng  vs , bu t  then i t  drops s h a r p l y  a s  th e  energy r e a c h e s  
th e  t h r esh old  for  the  d i s s o c i a t i o n  c h a n n e l ,  a s s o c i a t e d  w i th  t h a t  p a r t i c ­
u l a r  j va lue .  The reason  fo r  t h i s  b e h a v io u r  i s  p r o b a b l y  t h e  l a r g e  
in c re a s e  of the  average  d i s ta n ce  R w i th  s t r e t c h  e x c i t a t i o n ,  se e  Tab le
I I ,  whereby the  an is o t r o p y  of  the p o t e n t i a l  d e c r e a s e s .  This  a n i s o t r o p y  
i s  the d r iv in g  f a c t o r  f o r  the co n v e r s i o n  o f  t h e  i n t e r n a l  r o t a t i o n a l  
energy to the  t r a n s l a t i o n a l  energy,  which l e a d s  to  t h e  d i s s o c i a t i o n  
of the  compex. T he re fo re ,  i t  de te rmines  t h e  r e s o n a n c e  l i n e  w i d t h s .  
Except ions to t h i s  p a t t e r n  (bes ides the  j=2 r e s o n a n c e s  a l r e a d y  men­
t ioned)  are the  j resona nces ,  which a r e  even be low t h e  j - 2  t h r e s h o l d s ,  
e . g .  (vs , j )  = (0,6)  and ( 0 , 7 ) .  Because o f  the  a d d i t i o n a l  e x c l u s i o n  of  
the  j + j - 2  and j->j-3 d i s s o c i a t i o n  r o u t e s  and th e  energy  or  momentum gap 
law [31 ,32] ,  these  resonances are  r e l a t i v e l y  nar ro w.
Resonances f o r  o t h e r  J s t a t e s  a r e  ex p e c te d  to  behave s i m i l a r l y  
to  the J=0 re sonances .  Resonances having  a w id th  of  about  1 cm- 1  o r  
l e s s  can probably be observed in the  e x p e r i m e n t a l  s p e c t r a  [5-8]  . The 
s t a t e s  which a re  more exc i t e d  in the s t r e t c h  mode have  a s m a l l e r  w id th  
and thus give r i s e  to a sharper  s t r u c t u r e  i n  t h e  sp ec t ru m.  As t h e s e  
s t a t e s  have a r e l a t i v e l y  s t rong  f r e e  i n t e r n a l  r o t o r  c h a r a c t e r ,  as  
compared to th e  s t a t e s  t h a t  are l e s s  e x c i t e d  i n  t h e  s t r e t c h  mode, t h i s  
gives  the spectrum an e x t r a  f ree  i n t e r n a l  r o t o r  a c c e n t .
4. CONCLUSIONS
Using an expansion in a f i n i t e  b a s i s  s e t ,  we have been  a b l e  to  
c a l c u l a t e  both bound and r o t a t i o n a l  r e s o n a n c e  s t a t e s  of  N2Ar. These 
s t a t e s  have been used to i n t e r p r e t  t h e  i n f r a r e d  spec t rum of  t h i s  Van 
der Waals molecule.  At low t e m p e ra tu re ,  th e  sp ec t rum  ap pe a rs  t o  be 
determined by t r a n s i t i o n s  in  the low f r eq u en cy  rang e  be tween  bound 
s t a t e s  which r e p r e s e n t  l o c a l i z e d  v i b r a t i o n s  a round a d i s t i n c t  l o c a l  
minimum. At h i g h e r  tempera tu re ,  t h e  s t r u c t u r e  i n  t h i s  spec t rum i s  
b lu r r ed  and i t  i s  extended to somewhat h i g h e r  f r e q u e n c i e s .  Major con ­
t r i b u t i o n s  then r e s u l t  from t r a n s i t i o n s  be tween  bound s t a t e s  which 
a re  not wel l  l o c a l i z e d .  Moreover, t h e s e  s t a t e s  show a p p r e c i a b l e  mix ing  
of Van der Waals s t r e t c h  and h inde red  r o t a t i o n  modes .  The m a j o r i t y  of  
the s t a t e s  up to the  d i s s o c i a t i o n  l i m i t  have t h i s  c h a r a c t e r .  A s i m i l a r  
a n a ly s i s  of t h i s  f requency  range has  been made f o r  t h e  i n f r a r e d '  s p e c ­
trum of N2~N2 -
At h igher  f r e q u e n c i e s ,  the e x p e r i m e n t a l  sp e c t r u m  shows t h e  c h a r a c ­
t e r i s t i c  s t r u c t u r e  of  a n e a r ly  f r e e  i n t e r n a l  r o t o r .  This s t r u c t u r e  
appears to be caused by t r a n s i t i o n s  i n v o l v i n g  s t a t e s  w i t h  e n e r g i e s
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above th e  d i s s o c i a t i o n  l i m i t ,  which are c a l le d  r o t a t i o n a l  resonances or 
p r e d i s s o c i a t i o n  s t a t e s .  During the l i f e t i m e  of such a s t a t e ,  a c o l l i ­
s i o n  complex i s  formed. Given a r o t a t i o n a l  s t a t e ,  the l i f e t i m e  of the 
complex i s  longer  the  more i t  i s  exc i ted  in the r a d i a l  s t r e t c h  mode (as 
long as the  r a d i a l  e x c i t a t i o n  energy i t s e l f  does not  exceed the d i s so­
c i a t i o n  energy,  of  co u r s e ) .  This can be understood by not ing  t h a t  the 
average  d i s t a n c e  in c r e a s e s  with s t r e t c h  e x c i t a t i o n  and the e f f e c t i v e  
i n t e r a c t i o n  p o t e n t i a l  becomes more near ly  i s o t r o p i c .  A long l i f e t im e  
means a small  l i n e  width and a sharp c o n t r ib u t i o n  to the spectrum.
The i n f r a r e d  spectrum of ^ A r  i s  thus unders tood .  For N2-N2 , C^Ar 
and O2-O2 the  i n f r a r e d  s p e c t r a  in the h igher frequency range are very 
s i m i l a r  to t h a t  of  ^ A r ;  these  can be i n t e r p r e t e d  along the same l ine s .  
According to the  r ea so ni ng  of the previous paragraph,  the s t a t e s  which 
cause  th e  i n t e r n a l  r o t o r  s t r u c t u r e  in the spectrum, do not  depend 
s e n s i t i v e l y  on the  an i so t r o p y  of the p o t e n t i a l .  This p a r t  of the 
spec trum i s  t h e r e f o r e  no t  l i a b l e  to y ie ld  a d e t a i l e d  t e s t  on the 
acc u ra cy  of the p o t e n t i a l .  Moreover, the e f f o r t  which i s  needed to ca l ­
c u l a t e  a l l  the  resona nces  i s  s u b s t a n t i a l .  The lower f requency par t  of 
th e  spect rum co n ta in s  in format ion  which i s  more s u i t a b l e  fo r  th i s  
purpose .  I t  cor responds  wi th t r a n s i t i o n s  between s t a t e s  which are 
l o c a l i z e d  around d i f f e r e n t  l oca l  minima. These s t a t e s  a re  thus very 
s e n s i t i v e  to the  topology  of the p o t e n t i a l  su r f a c e .  In order  to access 
t h i s  i n f o r m a t i o n ,  experiments should be performed a t  low temperatures,  
presumably  us ing  mo lecular  beams, with a reasonably high reso lu t io n .
F i n a l l y ,  we note  t h a t ,  al though the presen t  paper  r e f e r s  to the 
i n f r a r e d  s p e c t r a  of  Van der Waa'ls dimers,  the same con s id era t ion s  
apply  to  t h e i r  Raman s p e c t r a .
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